Ferromagnetic antidot lattices have emerged as a strong candidate for magneto-photonic crystals 1,2 and ultra-high density magnetic data storage media. 3 More recently, they have been studied intensively as a promising candidate for magnonic devices. Waveguides, 4 filters, 5 interferometers, 6 phase shifters, 7 spin wave logic, 8 and magnonic crystals 9, 10 are some important components of magnonic devices and investigation of spin wave dispersion in such devices with their structural and material parameters is at the forefront of research in magnonics. For antidot lattices with large periods in lm and sub-lm range, inhomogeneous internal magnetic fields play important role in determining the frequencies and spatial characters of the spin waves, while for reduced period down to few tens of nm, the exchange field starts to play important role. Consequently, a large number of parameters of antidot lattices can be varied to tune the spin waves in them. These include the size and shape of the antidots, the spacing between the antidots (lattice constant), base material, and the strength and orientations of the bias magnetic field. In this paper, we investigate the spin wave spectra in a two-dimensional antidot lattice with varying antidot shapes, namely, square, circular, triangular, and diamond shapes. When the bias field is applied parallel to one of the edges of the lattices, a remarkable difference in the spin wave spectra is observed in the lattices with triangular and diamond shaped antidots as opposed to the circular and square shaped antidots. In addition, a strong anisotropy in spin wave spectra is observed as the bias field is rotated by 45 w.r.t. the edges of the lattice. We understood this significant variation as a result of the variation in the internal field profiles surrounding the antidots and the resulting spin wave mode profiles with the aid of the micromagnetic simulations.
Initial studies on the dynamics of ferromagnetic antidot lattices showed pattern induced splitting of surface and volume modes, 11 localization, confinement, and field-controlled propagation of spin waves, 12, 13 and observation of dispersive and entangled spin waves between the antidots.
14 Later, anisotropic propagation and damping of spin waves were observed due to magnetic field-controlled spin wave guiding in a network of interconnected nanowires. 15 Ulrichs et al. observed a field independent localized mode in CoFeB antidot lattice. 16 Effects of lattice symmetry 17 and diameters of the antidots on spin waves, 18 formation of magnonic minibands, 19 and tunable metamaterial response in permalloy antidot lattices 20 attracted great interests. Recently, a number of works reported complete magnonic bandgaps, 21 linear bias field dependence of high-symmetric magnonic modes for perpendicularly magnetized antidot lattices, 22 transformation of quantized spin waves to propagating ones by changing the in-plane orientation of magnetic field, 23 and tunable frequency gap in spin wave spectra with varying lattice constants. 24 Micromagnetic simulations showed the effects of antidot shape on magnonic bandgap in onedimensional magnonic antidot waveguide in an exchange dominated regime. 25 However, the effects of the shapes of the antidot on the demagnetizing field profiles inside an antidot lattice and the corresponding spin wave spectra have not been extensively studied. The spin wave dispersion for a square lattice with varying shape of the basis (antidot) structure, particularly when calculated along C-M and X-M symmetry axes, may show anisotropy arising from symmetry considerations. However, here we measure the zero wavevector modes (i.e., at the centre of the Brillouin zone) and some dispersionless localized and standing wave modes. Hence, the demagnetizing field profiles surrounding the antidots play the major role. The dispersionless modes are the forbidden modes, forming bandgaps in the antidot lattices.
Square, circular, triangular, and diamond shaped antidots with about 200 nm width and height and having separation between the nearest edges of about 230 nm were fabricated on square lattices, each covering 10 Â 10 lm 2 area on a 20 nm thick permalloy film coated with a 5 nm SiO 2 protective layer. The circular antidots were fabricated by focused ion beam milling using liquid Ga þ ion beam at 30 kV voltage and 28 pA beam current, which produced a spot size of about 8 nm. Since square, triangular, and diamond shapes have sharp corners, we used lower spot size ($4 nm) by reducing the beam current to 10 pA. The presence of 5 nm thick SiO 2 capping a) Email: abarman@bose.res.in
We show that the optically induced spin wave spectra of nanoscale Ni 80 Fe 20 (permalloy) antidot lattices can be tuned by changing the antidot shape. The spin wave spectra also show an anisotropy with the variation of the in-plane bias field orientation. Analyses show this is due to various quantized and extended modes, whose nature changes with the antidot shape and bias field orientation as a resultof the variation of the internal magnetic field profile. The observed variation and anisotropy in the spin waves with the internal and external parameters are important for their applications in magnonic devices.
layer protects the un-milled permalloy film to a large extent from direct irradiation, while damages at the edges of the antidots due to Ga þ ion implantation occurring laterally are limited to only about 5 nm from the edges. Further details of the focused ion beam milling can be found elsewhere. 24 The scanning electron micrographs ( Fig. 1(a) ) show that the square, triangular, and diamond shaped antidots have rounded corners due to the finite size of the ion beam. The triangular and diamond shaped antidots also suffer from small asymmetry in their shapes. The antidot size and edge-to-edge separation show upto 65% deviation. All the above deviations will be introduced in the numerical simulations except for the edge roughness, possible edge pinning and variation of material quality at the antidot edges because of Ga þ ion implantation due to the difficulty in their characterization. The time-resolved magnetization dynamics was measured by an all-optical time--resolved magneto-optical Kerr effect microscope. 24 The dynamics was excited by the second-harmonic (k ¼ 400 nm, pulse width ¼ 100 fs, fluence ¼ 16 mJ/cm 2 ) of a Ti-sapphire oscillator (Tsunami, Spectra-Physics) with a spot size of about 1 lm. The time-delayed fundamental beam (800 nm, 70 fs, 3 mJ/cm 2 ) with a spot size of about 800 nm and placed at the centre of the pump beam is used to probe the dynamics by measuring the Kerr rotation as a function of the time-delay between the pump and the probe beams. Consequently, about 3 Â 3 antidots were measured from each array. The external bias magnetic field is tilted at a small angle ($10 ) from the plane of the sample, the in-plane component of which is denoted by H in Fig. 1(a) . The experimental results are reproduced by using micromagnetic simulations using OOMMF software. 26 We have studied arrays of 7 Â 7 antidots with varying shapes and discretized the arrays into rectangular prisms with dimensions 3 Â 3 Â 20 nm 3 . Further, test simulations with larger arrays (11 Â 11 antidots) do not show any significant difference. The shapes of the antidots are derived from the SEM images, and material parameters used in the simulations are gyromagnetic ratio, c ¼ 17.5 MHz/Oe, magnetocrystalline anisotropy, H k ¼ 0, saturation magnetization, M s ¼ 800 emu/cc and exchange stiffness constant, A ¼ 1.3 Â 10 À6 erg/cm. The simulation methods are described in detail elsewhere. 24 The bias field is applied according to the experimental configurations and a pulsed field of peak value of 20 Oe, 10 ps rise/fall time and 20 ps pulse duration is used perpendicular to the sample plane, while a damping coefficient a ¼ 0.015 is used during dynamic simulations.
In Fig. 1(b) , we show the contour plot of simulated magnetostatic field distributions for four lattices, which show the nonuniform magnetic field distributions (demagnetized regions) around the edges of the antidots. While the symmetry of the demagnetized regions is similar for the circular and square antidots, it changes significantly for the triangular and diamond shaped antidots. In addition to the nominal variation in the shape, introduction of asymmetry of shape due to fabrication defect poses further differences in the internal field profile. Figure 1(c) shows the time-resolved Kerr rotations for four samples at H ¼ 900 Oe revealing three important temporal regimes, namely, the ultrafast demagnetization (500 fs), fast relaxation (5.4 ps), and precessional motion superposed on a slow relaxation (334 ps). In Fig. 1(d) , we show the precessional dynamics after subtracting a biexponential background. The spin wave spectra are obtained by taking fast Fourier transform (FFT) of the background subtracted time-resolved Kerr rotation as shown in Fig. 2 for all four samples at three bias field orientations u ¼ 0 , 45 , and 90
. The spectra for u ¼ 0 and 90 are qualitatively similar but there are some quantitative differences due to the fabrication induced structural asymmetry in the antidots of each shape to varying extent. Figure 2 (a) reveals that the circular and square shaped antidot lattices show two dominant bands of frequencies with a gap of about 3.17 and 3.34 GHz, respectively. For the square antidot lattice, another low amplitude shoulder is observed at about 5.9 GHz. In the triangular antidot lattice, another mode appears in the gap between the two bands, reducing the gap to about 1.7 GHz each between the three bands. For the diamond antidot lattice, four closely spaced modes occur with narrow gaps of about 1.35, 1.25, and 1.85 GHz. We have qualitatively reproduced the observed spin wave spectra by micromagnetic simulations as shown in Fig. 3 . It shows two bands of modes for the circular and square shaped antidot lattices with frequency gaps of 3.9 and 4.5 GHz, respectively. The triangular antidots lattice shows three modes with two frequency gaps of about 2.1 GHz each, between the three modes. On the other hand, the diamond shaped lattice shows four closely spaced modes with frequency gaps of 1.8, 1.8, and 1.2 GHz. The remarkable difference in the spin wave spectra between different antidot shapes stems from their internal field profiles, which lead to various extended and localized modes as shown later in this article. At u ¼ 45 , a strong anisotropy in the spin wave spectra with a dominant mode just below 10 GHz is observed for all lattices. For circular antidots, the mode frequency is about 9.3 GHz, which is intermediate between the two bands of modes observed for u ¼ 0 and 90 . However, for the square antidots, in addition to a dominant mode at around 9.8 GHz, a small amplitude mode at 6.6 GHz is also observed. In triangular and diamond shaped antidots again a single mode at 9.1 and 9.0 GHz is observed. Dominant single mode for circular, triangular, and diamond shaped antidot lattices and an additional small amplitude mode at lower frequency for the square shaped antidot are reproduced in the simulated spectra. The simulated peak frequencies are slightly (5%-10%) higher than the experimental frequencies.
We have further simulated the profiles of the resonant modes 27 and the simulated power maps are shown in Fig. 4 . At u ¼ 0 , mode 1 in the circular antidot lattice is a quantized mode (mode number q ¼ 5) due to the formation of standing wave in the backward volume magnetostatic (BWVMS) wave geometry between two neighboring antidots. Mode 2 is an extended mode flowing through the channel between the neighboring antidots in the Damon-Eshbach (DE) geometry. In the square lattice, mode 1 is again a quantized mode, while mode 2 is identical to mode 2 of circular antidot lattice. In the triangular antidot lattice, mode 1 is also a quantized mode with q ¼ 5 but in this case the standing wave does not form exactly between the two antidots but shifts down vertically and becomes asymmetric due to the asymmetry in the internal field profile. Mode 2 is a quantized mode with q ¼ 3 along the bias field direction but it extends in the direction perpendicular to the bias field forming a serpentile shape through the channel between the neighboring antidots. This shape of mode also stems from the internal field profile. Mode 3 is the extended mode in the space between the antidots in the DE geometry. Unlike the other shapes of antidots, in this case, when the field is rotated by 90 mode profiles for all three modes change significantly giving rise to further differences in the frequency spectra. In the diamond shaped antidot lattice, the first three modes are identical to those of the triangular antidots with small changes in shape due to the different internal field profile. However, in this case a fourth mode appears, which is a DElike mode that got modified by the corners of the diamond shape. The absence of the q ¼ 3 mode in the circular and square antidot lattices causes larger gap in their frequency spectra, while appearance of the same reduces that gap in the triangular and diamond antidot lattices. At u ¼ 45 , mode 1 is identical for all antidot shapes, which is the localized (trapped) mode between the next nearest antidots perpendicular to the field direction. However, there is a small difference between different antidot shapes of the localized mode profile, which changes due to the variation in the internal field profile. For the square antidot a weak extended second mode (mode 2) in the DE geometry is accommodated in the narrow channel between the antidots, while this mode does not appear with significant amplitude in other antidot lattices, where the demagnetizing fields surrounding the neighboring antidots start to overlap at this value of u, blocking the path of the extended spin wave mode.
In summary, we have investigated the effects of the shape of the antidots on the spin waves in permalloy antidot lattices. Significant differences in the spin wave spectra are observed with the variation in the antidot shape. Two prominent modes with significant gaps in the spin wave spectra for the circular and square shaped antidots change into three and four closely spaced modes with narrow gaps for the triangular and diamond shaped antidot lattices, respectively. In addition, when the bias field is rotated within the sample plane by u ¼ 45 from the horizontal or vertical edges of the lattices, a single dominant mode is observed for three lattices except for the square shaped antidot lattice, where an additional low amplitude mode occurs at lower frequency. Micromagnetic simulations helped to identify the spin wave modes. While for the circular and square antidot lattices the higher frequency mode is a quantized mode in the BWVMS geometry with mode number q ¼ 5, the lower frequency mode is an extended DE mode. In the triangular and diamond shaped antidot lattices, an additional quantized mode with q ¼ 3 appeared in the frequency gap observed for the other two lattices probably due to the sharp corners concentrating the demagnetizing field and thereby providing additional pinning regions. Due to the same fields, in the diamond shaped antidot lattice another modified DE-like mode appears at frequency below the DE mode. At u ¼ 45 , the extended DE mode disappears for the circular, triangular, and diamond shaped antidot lattices and its power is reduced significantly in the square antidot lattice, while a mode localized in the region between the next nearest antidots in a direction perpendicular to the bias field becomes dominant. The observed tunability of the spin wave spectrum with the antidot shape and the bias field orientation may give rise to an enabling tool for tuning the frequency of such devices when they are used as magnonic filters, splitters, and other magnonic devices.
